identified possible candidate genes suitable for follow-up with next-generation sequencing in these same families. Candidate genes that met our prioritization criteria included FAM129B and CERCAM on chromosome 9 and SYT1, GNAO1, and CDH3 on chromosome 16.
Introduction
Idiopathic scoliosis (IS) is the most common spinal abnormality in children and is clinically characterized by a pain-free abnormal spinal curvature in otherwise normal individuals [1] . The variation of presentation, the limited therapeutic options, and the inability to detect individuals at risk for significant progression have led to the establishment of high-cost screening programs. These programs have resulted in higher rates of subspecialty referrals and additional radiographic analyses. Spinal fusion is the recommended treatment option when curve progression is significant. The economic cost attributable to scoliosis within the United States has been estimated to be as high as USD 3 billion per year, and this does not take into account the morbidity in adulthood related to longterm effects of a spinal fusion done at a young age [2] .
Genome-wide linkage screens and fine-mapping of candidate loci in families with at least two members with IS, termed familial idiopathic scoliosis (FIS), have identified candidate regions on 6q, 10q, 18q [3] ; 17p11.2 [4] ; 19p13.3, 2q [5] ; Xq23-26 [6] ; 6p25-22, 6q14-16, 9q32-34, 16q11-12, 17p11-q11 [7] ; 8q12 [8] ; 9q31.2-q34.2, 17q25.4-qtel [9] ; and 12pter [10] . Candidate regions on chromosomes 9q32-34 and 19p13 have been independently confirmed [9, 11] . Recently, a common variant near LBX1 on 10q24.31 was found to be associated with adolescent IS in unrelated individuals in two Asian populations [12, 13] .
In this study, a set of families with FIS was genotyped with two different high-density custom oligonucleotide panels of single nucleotide polymorphisms (SNPs) in order to identify candidate genes and prioritize them for next-generation sequence analysis.
Participants and Methods

Study Population
Written informed consent was obtained from all study participants, in accordance with the protocol approved by the Johns Hopkins School of Medicine Institutional Review Board. The study population was comprised of Caucasian families with two or more individuals in the family with IS, and all family members participating in the study were ascertained and examined by a single orthopedic surgeon. Characterization of the study population was performed to document the uniformity and/or variation within the sample population. Parameters of gender, curve type, and size within this familial study population were consistent with previous reports in the literature [14] . The number of affected females exceeded the number of affected males (270 vs. 110), and the mean curve severity of the females was greater than that of the males (35.0 8 1.2 vs. 26.9 8 2.0). The primary curve pattern represented was the single right thoracic curvature [14] . The criteria for a diagnosis of IS were a history and physical examination consistent with a sagittal spinal curvature, and standing anteroposterior spinal radiographs exhibiting 6 10° curvature in the coronal plane by the Cobb method, with pedicle rotation and no congenital deformity [15] . The threshold of 10° is based on the fact that a graph of scoliosis prevalence among the general population is a smooth exponential function where the sharpest change in the slope occurs at 10° curvature in the coronal plane [15] . While the initial threshold criteria of 10° for the definition of scoliosis has proven to be clinically relevant, the significance of this threshold is unknown with respect to the underlying genetics; therefore, additional thresholds of 6 20°, 6 30°, and 6 40° were considered. Radiographic measurements of the proband within each family were taken at the time of inclusion into the study and varied from age 8 years to age 16 years with curve measurements of 16-88°. Radiographs of family members were obtained either from historical radiographs or standing spinal radiographs at the time of their inclusion into the study. A single orthopedic surgeon performed all radiographic measurements. Measurements related to scoliotic spinal curvatures from radiographs have been well studied for intra-observer consistency [16, 17] . Historical evidence or clinical signs of conditions, including blood clots, cardiac defects, osteoporosis, and known hereditary disorders, in any individual excluded the family from the study. In order to avoid misclassification, individuals without radiographic information were classified as unknown. For individuals with two or more curves, the degree of curvature was obtained from the curve with the largest observed Cobb angle. In addition to the degree of lateral curvature, variables measured included the type of curve, age at diagnosis, ethnic background, awareness of condition, presence of pain, and type of treatment.
In this study, the sample population was genotyped and finemapping linkage analysis and intra-familial tests of association were performed in order to identify and prioritize candidate genes for next-generation sequence analysis. [7] .
Genotype Analysis
Blood samples were previously obtained from all participants. Genomic DNA was extracted with standard purification protocols [18] . The SNP panels were generated with the National Center for Biotechnology Information (NCBI) dbSNP (http://www.ncbi. nlm.nih.gov/projects/SNP) chromosome report. Custom oligo pools for fine-mapping for linkage analysis and tests of intra-familial associations were designed for the candidate regions on chromosomes 9 and 16. The panel was designed with special attention to intragenic positioning, linkage disequilibrium blocks, and genes that may have a relationship to spinal growth and development.
SNPs were genotyped using the Illumina BeadArray platform [19, 20] . The SNPs were genotyped at the Center for Inherited Disease Research (CIDR), McKusick/Nathans Institute of Medicine, The Johns Hopkins University School of Medicine. The Illumina BeadStudio software was used to cluster all SNPs using samples in this study. The SNP plots were manually evaluated and clustered as needed. SNPs were not included if they had poorly defined clusters, excessive replicate or Mendelian errors, and/or more than 50% missing data. Genotypes were identified with a GenCall score, a quantitative measure that ranges from 0 to 1 and reflects the proximity within a cluster plot of the intensities of that genotype to the centroid of the nearest cluster. All SNPs with a GenCall score ! 0.25 were dropped.
A total of 1,324 SNPs were released for chromosomes 9 and 16 ( table 1 ). As reported by CIDR, the missing, Mendelian inconsistency, and duplicate error rates were 1.4, 0.06, and 0.05%, respectively, for the SNPs genotyped.
Statistical Genetic Analysis
Allele frequencies were estimated in the founders with FREQ [21] . Familial relationships were verified with RELCHECK [22, 23] , which infers the most likely relationship between pairs of relatives by using estimates of identical by descent (IBD) sharing. Genotyping data were checked for Mendelian inconsistencies with PEDCHECK [24] , and non-systematic inconsistencies were removed from the data. Physical positions for the SNPs were obtained from the NCBI dbSNP database (Build 131). For each sibling pair, the proportion of alleles shared IBD was estimated using GENIBD [21] .
Monomorphic SNPs, SNPs with a missing rate 1 10%, and SNPs for which the minor allele frequency (MAF) was ! 1% were removed prior to analysis. Tests of Hardy-Weinberg equilibrium [25] identified 2 SNPs on chromosome 9 and 4 SNPs on chromosome 16 with p values ! 0.001. Two of these SNPs, 1 on chromosome 9 and 1 on chromosome 16, were dropped due to genotyping errors. Because these are highly ascertained data, the other SNPs were flagged and retained for subsequent analysis. This reduced the number of released SNPs to 1,252, with 500 and 752 on chromosomes 9 and 16, respectively.
Scoliosis was analyzed both as a qualitative and quantitative trait; the qualitative measure represents a clinically relevant classification, and the quantitative measure represents the variation of the degree of lateral curvature. For scoliosis treated as a qualitative trait, the presence or absence of scoliosis was determined by a threshold value used to dichotomize the degree of lateral curvature. This threshold value allows for the conversion of a quantitative trait into a qualitative trait dichotomized into affected and unaffected classes, set by a clinically relevant, although arbitrary, threshold. For the qualitative trait, thresholds of 6 10°, 6 20°, 6 30°, and 6 40° were considered. For scoliosis treated as a quantitative trait, both untransformed and transformed measurements of the degree of lateral curvature were considered in the analysis. This distribution of the degree of lateral curvature is highly skewed and kurtotic with a substantial probability mass at 0. Although several transformations were considered (e.g., natural log, Box, and Cox) prior to genetic analysis, none sufficiently normalized the distribution with respect to both skewness and kurtosis. The natural log transformation was chosen because it best discriminated between individuals with a curve of 0 versus a curve greater than 0 and represented a mixture of two distributions.
SNPs in high linkage disequilibrium (LD) must have highly correlated results, both for linkage analysis and for intra-familial tests of association. Including SNPs in high LD increases the number of non-independent tests, provides little, if any, additional information, and inflates the type I error rate. SNPs in high LD were identified by calculating the pairwise LD measures r 2 and D with Haploview [26] . Any pair of SNPs with D = 1.0 and r 2 1 0.4 were defined as being in LD, and only the most informative SNP from the pair was retained. The final number of SNPs in these analyses was 846, with 352 and 494 SNPs on chromosomes 9 and 16, respectively.
Linkage Analysis
Prior to multi-point linkage analysis, the 846 SNP genotypes were merged with 13 STRP genotypes from the previous genomic screen (6 and 7 on chromosomes 9 and 16, respectively) [7] . Model-independent single-point and multi-point linkage analyses were performed using SIBPAL [21] . The traditional HasemanElston analysis for quantitative and qualitative traits was performed on full-sib relationships. For multi-point linkage analysis, the genetic distances (in cM) were assumed to be a linear function of the map distance (in Mb). Results from SIBPAL linkage analysis are presented as a p-plot, which plots the log of the inverse of the p value, or minus the log(p), against the location of each marker, as a linear function of the map distance [27] .
Intra-Familial Tests of Association
Intra-familial tests of association were carried out on 846 SNPs using FBATv2.0.2c for qualitative traits [28] [29] [30] and ASSOC for quantitative traits [21] . FBAT uses data from the members in a nuclear family and can perform tests of association using single SNPs or haplotypes. In order to test for association in these areas of known linkage, the robust empirical variance estimator implemented in FBAT was used, assuming an additive as well as biallelic model [31] . Based on the results from the linkage analysis, individuals with a threshold of 6 20° were classified as affected with FIS for the qualitative trait association analysis.
ASSOC is a likelihood-based test of association that compares the likelihood of the data in models with and without a marker (e.g., a single SNP). Unlike other intra-familial tests, ASSOC uses the phenotype and genotype information of the entire family. The untransformed and natural log transformed (log e ) degree of lateral curvature were used as quantitative phenotypes, and a genotypic test was performed. The Bonferroni threshold for the intra-familial tests of association was based on the independent factors (846 SNPs ! three tests of association) and was taken to be 0.00002.
In addition to single marker association tests, tiled regression was used to identify the set of independent SNPs that are responsible for the variation in the degree of lateral curvature in the context of other SNPs [32] [33] [34] [35] . In tiled regression, the genome is divided into independent segments based on predefined regions. Recombination hot spots (i.e., well-defined regions of increased recombination) were used to delineate regions in this study. The term tile denotes both the sequence of DNA between two hot-spot regions and a hot-spot region itself. Each sequence variant is assigned to a tile based on its physical position. A tile is selected if the multiple linear regression on all SNPs in the tile shows a significant relationship to trait variation (testing the null hypothesis that all SNP coefficients are 0) or if the simple linear regression on any single SNP in the tile is significant. A stepwise regression is then used to select the important individual independent SNPs identified in each selected tile. Thereafter, the significant SNPs are combined across tiles in higher-order stepwise regressions within chromosome and then genome levels. Generalized estimating equations (GEE) [36] were included in the tiled regression framework to allow for familial correlations in families [33] . Sibships were used as the clusters in the GEE covariance matrix estimation, and SNPs with a MAF ! 0.05 were removed prior to analysis. The end result is a multiple linear regression model that includes the set of SNPs that independently contribute to trait variation [35] . Tiled regression was performed with the Tiled Regression Analysis Package (TRAP v 1.0) [34] for the quantitative trait on chromosomes 9 and 16 separately. Critical values of 0.01 and 0.1 were used to select the significant tiles for the simple and multiple linear regressions. A critical value of 0.05 was used to select markers in the stepwise regression. There were 391 markers in 243 tiles on chromosome 9 and 696 markers in 330 tiles on chromosome 16. All p values reported are nominal values and are not adjusted for multiple tests. Because different intra-familial tests of association use different kinds of information and test for different types of association as described above, the criterion for prioritizing markers was based on selecting markers that were significant for at least two different methods at a significance level of p ! 0.05.
Results
Linkage
Chromosome 9
Results for the model-independent multi-point linkage analysis on chromosome 9 for both the qualitative and quantitative traits are presented in figure 1 . When the threshold was 6 20°, p values ! 0.001 were found in an 8.0-Mb region (rs3737048 to rs1475718) and p values ! 0.0001 in a 4.2-Mb region (rs968477 to rs753659). At a threshold of 6 30°, the linked region was similar to that of the 20° threshold, but the p values in this region were not as significant (p ! 0.001, rs968477 to rs753659) as those in the region based on the 20° threshold, most likely due to the smaller number of affected individuals at this higher threshold. When the threshold was 6 40°, the region with p values ! 0.01 was less than 0.5 Mb in length (rs944028 to rs568203), which overlaps the region with the most significant p values ( ! 0.00001) obtained with a threshold of 6 20°. No p value ! 0.05 was found when the affection threshold was 6 10°. For the quantitative linkage analysis of the transformed and untransformed trait, p values ! 0.01 were found in the same region as identified by qualitative analysis of FIS and spanned about 5.7 and 6.8 Mb for the untransformed and log e -transformed traits, respectively ( fig. 1 ).
Chromosome 16
Evidence for linkage on chromosome 16 spanned the centromere but was strongest on the q-arm region adjacent to the centromere ( fig. 2 ) . As with chromosome 9, the significance of the linkage peak increased as the threshold used to dichotomize the qualitative trait increased from 6 10° to 6 20°. The most significant p values were obtained for a threshold of 6 20°, with p values ! 0.01 extending over a 34.6-Mb region that included the centromere. p values ! 0.001 extended over a 3.7-Mb region on 16p11 (rs713547 to rs3116150) and over 8.2 Mb (rs1566467 to rs8051405) on 16q11. For the 6 30° threshold, the linkage region on 16p11 was only significant at the 0.01 level, while the peak on 16q11 remained significant at p values ! 0.001, and was approximately 4.8 Mb long (rs1420263 to rs2518054). No p values ! 0.05 were found in the analysis of the 6 40° threshold, again most likely due to the small number of individuals taken to be affected with FIS, or for the untransformed quantitative trait. For the log e -transformed trait, 2 SNPs (rs1022455 and rs508414) on 16p12.1 resulted in p values ! 0.01, with p values ! 0.05 extending over a 2.6-Mb region. However, this region was not the same as the region from the qualitative analyses ( fig. 2 ) . Only the results for the log e -transformed trait are presented in the tables, and all significance levels presented are for the nominal significance levels, not adjusted for multiple tests. For ASSOC, 5 SNPs were significant at a level of p ! 0.01 for the log e transformation ( table 2 ). The most significant association obtained (p ! 0.0014) was for rs7847869 located 23 kb from microRNA MIR3134 (miR3134) . For the tiled regression analysis, 6 independent SNPs in 6 tiles were identified. The most significant of these was rs1871692 (p ! 0.0007), which is not located in a known gene but lies in a characterized region indicative of a regulatory function. Significance levels for the SNPs identified with tiled regression are presented in table 2 , and the final multiple regression model was: log e (degree of lateral curvature + 1) = 0.34 + 0.28 ! rs1871692 + 0.19 ! rs944323 + 0.22 ! rs2249110 -0.22 ! rs943392 -0.28 ! rs7259 -0.19 ! rs1537189. Four SNPs were significant at the p ! 0.05 level for both ASSOC and tiled regression: rs1871692 located in a potential regulatory region; rs2249110 located in an intron of the FAM129B gene; rs7259, a synonymous SNP located in the CERCAM gene, and rs1537189 not located within a known gene. No SNP was significant across FIS taken both as qualitative and quantitative trait.
Intra-Familial Tests of Association
Seven SNPs were significant at a level of p ! 0.01 for the intra-familial tests of association for the untransformed trait (results not shown). The most significant association obtained was for rs752090 (134550028 bp, p = 0.000002). No SNP was significant at the p ! 0.05 level for both the intra-familial test of association and tiled regression, or across FIS taken both as an untransformed quantitative and qualitative trait. ( table 4 ) . rs723876 was the most significant SNP with p ! 0.001 for ASSOC but is not located in any known gene. The final multiple regression model for tiled regression was: log e (degree of lateral curvature + 1) = -0.43 -0.24 ! rs229018 + 0.51 ! rs876856 + 0.19
Four SNPs were significant at the p ! 0.05 level for both ASSOC and tiled regression: rs229018 located in an intron of SYT17 ; rs723876 not located in a known gene; rs8999234 located in an intron of the GNAO1 gene, and rs3785133 located in an intron of the CDH3 gene. No SNP was significant at the p ! 0.05 level across FIS taken as both qualitative and quantitative trait. For the untransformed trait, 2 SNPs were significant at a level of p ! 0.01 for ASSOC and 5 SNPs were significant at this same level for tiled regression (results not shown). Three SNPs were significant at the p ! 0.05 level for both tiled regression and ASSOC: rs723876, rs1009303, and rs3785133 located in an intron of the CDH3 gene. No SNP was significant at the p ! 0.05 level across FIS taken as both an untransformed quantitative or qualitative trait.
Discussion
The genomics era has resulted in major advances in the identification of candidate loci for both sporadic IS and FIS. We previously identified susceptibility loci on multiple chromosomes in a genome-wide linkage scan for FIS in a large study sample [7] . Candidate regions on chromosomes 9q31-34 and 16p-16q have been replicated in distinct study samples and investigations. Ocaka et al. [9] mapped a locus for FIS on chromosome 9q31.2-q34.2 in a British sample, and Sharma et al. [37] reported mild associations to this same region. The area on chromosome 16 has been confirmed by Jose Morcuende [J. Morcuende, pers. commun.] in a sample from the midwestern United States. In the present study, we report results from fine-mapping linkage and intra-familial tests of association analyses of these two regions utilizing custom SNP panels, which corroborated our earlier results and aided in the prioritization of candidate genes for next-generation sequencing in families based on the combined statistical analyses. Because different methods of association use different kinds of information and have different strengths and weaknesses with respect to the underlying model, we use corroboration of significant results across methods as our criteria for prioritization (at least two methods significant at p ! 0.05). Most of the corroborative results found were from the likelihood-based intrafamilial test of association (ASSOC) and tiled regression, which identifies the set of independent variants in the context of all variants in a tile that best predict the degree of lateral curvature.
Given the large number of SNPs tested, the multiple phenotypes used, and the number of association tests carried out, none of the SNPs were significant after adjusting for multiple tests (Bonferroni significance level of p = 0.00002). Association analyses identified several SNPs significant at the nominal p ! 0.01 level which were within the linkage peaks, some approaching but not reaching Bonferroni significance. Four SNPs on chromosome 9 and 4 SNPs on chromosome 16 met our prioritization criteria ( tables 2 , 4 ) . Six of the SNPs are located in genes or in characterized regions, resulting in 5 candidate genes including FAM129B and CERCAM on chromosome 9 and SYT17 , GNAO1 , and CDH3 on chromosome 16.
On chromosome 9 , rs2249110 lies in an intron of the FAM129B gene, a target of the MAP kinase-signaling cascade in human melanoma cells, and may play a role in apoptosis suppression [38] . rs7259 lies within the CERCAM gene, which produces a cerebral endothelial cell adhesion molecule potentially involved in leukocyte transmigration across the blood-brain barrier [39] . The last SNP , rs1871692, is not located in a gene, but is in a DNase-sensitive region indicative of a regulatory region [39] . This SNP is less than 350 kb from 2 SNPs (rs4979321 and rs891725) found to be mildly associated (p = 0.0009 and p = 0.0003, respectively) in a genome-wide association test of 419 families with IS [37] .
On chromosome 16, rs229018 lies within the intron of SYT17 , a member of the synaptotagmin protein family. These proteins are characterized by a specific N-terminal transmembrane region, a variable linker, and two C-terminal domains and act in membrane trafficking between cells [39] . rs3785133 lies within the cadherin 3 (CDH3) gene, a member of the cadherin superfamily. The encoded protein is a calcium-dependent cell-cell adhesion glycoprotein comprised of five extracellular cadherin repeats, a transmembrane region, and a conserved cytoplasmic tail [40] . Aberrant expression of this protein is noted in some tissue-specific cancers. Mutations in the CDH3 gene are responsible for hypotrichosis with juvenile macular dystrophy, an autosomal recessive disorder characterized by sparse scalp hair and early blindness [41] . rs899234 is located within the intron of guanine nucleotide-binding protein, alpha ( GNAO1 ). GNAO1 , a heterotrimeric G protein, is related to neuronal growth cone control and synaptic activities, but its specific functional roles are unknown [42] . This is notable given recent data suggestive of neural cell adhesion molecules and axonal guidance neurodevelopmental pathways as potential mechanisms contributing to IS pathogenesis [37] .
Like many other complex diseases (e.g., breast cancer, diabetes, familial hypercholesterolemia) that initially had fairly substantial linkage peaks, no definitive associations were found. The failure of the intra-familial tests of association to identify a single definitive SNP that was responsible for most of the linkage signal was not unexpected. This would only be the case if FIS was genetically homogeneous and caused by a single simple Mendelian variant. Results from segregation analyses, linkage anal-yses, and genome-wide association studies for FIS suggest that is clearly not the case. Most likely, FIS is genetically heterogeneous, probably not simply caused by common variants but rather by both common and rare variants that differ from family to family.
In summary, we have utilized high-density SNP genotyping panels and statistical analyses to confirm previous work showing a significant relationship between loci on chromosomes 9 and 16 and the FIS phenotype and to prioritize candidate genes for either targeted, wholeexome, or whole-genome next generation sequencing. Ultimately, these findings will lead to the sequencing of regions under the linkage peaks and the identification of both common and rare variants within genes and regulatory regions which are related to the pathophysiology of FIS.
